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The carbonaceous component of atmospheric particulate
matter (PM) is considered very important with respect
to the observed adverse health effects of PM. Particulate
organic and elemental carbon have traditionally been
measured off-line after daily, time-integrated particle
collection on filters. However, the subdaily or hourly
variability of elemental carbon (EC) and organic carbon
(OC) can help to assess the variability of sources, ambient
levels, and human exposure. In this study, the performance
of the Sunset Laboratory Inc. semicontinuous EC/OC
monitor was assessed in a Los Angeles location representing
typical urban pollution. An intermonitor comparison
showed high precision (R2 of 0.98 and 0.97 for thermal OC
and EC, respectively). By changing the inlet configurations
of one of the monitors (adding a denuder, a Teflon filter, or
both), the influences of positive and negative sampling
artifacts were investigated. The positive artifact was found
to be relatively large (7.59 µg/m3 on average), more than
50% of measured OC, but it was practically eliminated with
a denuder. The negative artifact was much smaller (less
than 20% of the positive artifact) and may be neglected in
most cases. A comparison of different temperature
profiles, including a fast 4-min analysis using optical EC
correction, showed good agreement among methods. Finally,
a novel configuration using a size selective inlet impactor
removing particles greater than 250 nm in diameter
allowed for semicontinuous size-fractionated EC/OC
measurements. Evolution of OC at different temperatures
of the thermal analysis showed higher volatility OC in larger
particles.

Introduction
While the link between ambient fine particle mass (PM2.5)
and adverse health outcomes has now been repeatedly
established (1), it is still not fully understood which properties
of airborne particles are most responsible for these observa-
tions. Various studies have implicated sulfate (2, 3); toxic
elements such as vanadium (4), silicon (5), iron, nickel, and
zinc (6); elemental carbon (7, 8); organic compounds such

as polycyclic aromatic hydrocarbons (9); ultrafine particles
(diameters less than ∼180 nm) (10, 11); wood smoke (12);
and diesel exhaust (13), to name only a few. Therefore,
accurate and convenient instruments, which measure de-
tailed particle characteristics, are necessary to better assess
ambient concentrations and human exposures. Continuous
or semicontinuous monitors, providing data on hourly or
subhourly time scales, are generally preferred over off-line
analyses. Such monitors can not only capture important
short-term variations in particle properties, but also can prove
more economical to operate by reducing sampling site visits
and eliminating the need for laboratory facilities and analysis
costs.

The carbonaceous component of atmospheric aerosols,
elemental carbon (EC), organic carbon (OC), and carbonate
(14, 15), has been considered one of the most relevant PM
fractions with respect to observed adverse health outcomes.
Carbonate does not comprise a significant portion of PM2.5

and is not suspected of being toxicologically active. Elemental
carbon, similar to black carbon or refractory carbon (14, 16),
is emitted from incomplete combustion occurring in sources
such as diesel engines and biomass burning. It has been
shown to produce adverse health responses when inhaled
in both laboratory and ambient studies (7, 8, 17). Particulate
organic carbon is a component of particles emitted from
almost every known primary particle source (18), but it also
can consist of secondary organic aerosol (SOA) formed in
the atmosphere (19). Both primary and secondary OC consist
of hundreds of organic species, many of which are known
to be toxic (i.e. PAH, nitro-PAH, etc.) (20, 21). The particle
size distributions of both EC and OC are generally shifted to
lower particle diameters relative to the total PM mass size
distribution (22).

The OC and EC components of PM have traditionally been
measured off-line after particle collection on filters (14, 16).
Numerous analytical methods have been developed, includ-
ing thermal evolution techniques that heat the filter to high
temperatures and measure the total carbon that evolves off
the filter. During heating, a portion of organic carbon
pyrolizes to form elemental carbon. Some of the methods
use both nonoxidizing and oxidizing atmospheres and, by
optically monitoring filter appearance, attempt to correct
for this pyrolysis (14, 16). Several studies have examined the
accuracy of these methods (23-27). For the pyrolysis-
corrected techniques, it was found that the temperature
profile and the laser configuration, reflectance vs transmit-
tance, affected the results. Off-line analysis techniques are
applied to time-integrated filters that typically collect PM for
24 h or longer. However, these methods do not provide
potentially useful information on the variability of EC and
OC found in subdaily or hourly data. Such data provided on
finer temporal scales can help to assess the variability of
sources, ambient levels, and human exposure to EC and OC.

To address this need, several in-situ continuous or
semicontinuous particle measurement instruments have
been developed for the measurement of EC, OC, or both.
Black carbon can be measured continuously with an Aetha-
lometer, which measures the absorption of single-wavelength
light through a filter collecting airborne particles (28). Thermal
evolution carbon monitors have been deployed in the field
as well (29, 30). The Sunset Laboratories Inc. semicontinuous
EC/OC monitor was evaluated in a field study in St. Louis
(30). In that study, OC levels were shown to agree very well
with off-line OC measurements of 24-h time-integrated filters
using the laboratory-based Sunset Lab analyzer (R2 ) 0.90,
slope ) 0.93). EC comparisons showed less agreement, most
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likely due to the very low ambient EC concentrations
encountered at that sampling site. Since these instruments
require an analysis cycle during which sample is not collected,
this study used two monitors to sample alternating hours to
achieve full 24-h collection. However, a single instrument
sampling every other hour yielded good agreement with 24-h
time-integrated off-line methods.

Collecting particles on filters, either on-line or off-line,
potentially leads to sampling artifacts. A positive organic
carbon artifact arises from organic vapor adsorption onto
quartz-fiber filter material and previously collected particles
(matrix), leading to an overestimation of particle phase OC
(31, 32). A negative artifact can be caused by volatilization
of organic particle-phase semivolatile compounds from the
particles into the gas phase, leading to an underestimation
of OC (31).

The objective of our study was to further assess the
performance of the Sunset Lab semicontinuous EC/OC
monitor in a field setting. Two identical and collocated
instruments were run concurrently on a cycle consisting of
45 min of sampling and 15 min of analysis. The monitors
were deployed near downtown Los Angeles at the Southern
California Supersite Particle Instrumentation Unit (PIU)
trailer. The location is about 100 m downwind of a major
freeway, is surrounded by multistory buildings, is near a
construction area, and represents a good urban pollution
mix (33). The collocated identical configurations allowed for
the evaluation of the intermonitor precision and the effects
of monitor maintenance such as filter changes. By changing
the inlet configurations of one of the monitors (adding a
denuder, a Teflon filter, or both), the influences of positive
and negative sampling artifacts were investigated. The
temperature profiles were also varied between instruments,
including a fast 4-min analysis using an optical EC calibration
rather than the thermal EC measurements. Finally, a novel
configuration using a size-selective inlet impactor removing
particles greater than 250 nm in diameter allowed for
semicontinuous size-fractionated EC/OC measurements.
Observations of the evolution of OC at different temperatures
of the thermal analysis also provided data on the relative
volatility of OC in particles of different sizes.

Experimental Methods
Semicontinuous OC/EC Field Instruments. Two identical
OC/EC field instruments (Model 3F, Sunset Laboratory, Inc.,
Portland, OR) were deployed for monitoring the carbon-
aceous components of PM between December 2004 and May
2005. These instruments provide for automated sample
collection and analysis of OC and EC on a semicontinuous
basis (30). Samples are collected by drawing a sample flow
of 8 L/min through two round 16-mm quartz filters, which
are mounted back to back in an oven inside the instrument.
After sample collection, the sample remains in the oven,
where it is heated in two different steps. First, the oven is
purged with helium and the temperature is increased in
multiple steps based on the programmed temperature profile.
The evolved organic carbon flows through a manganese
dioxide (MnO2) oxidizing oven and all carbon is transformed
in to carbon dioxide (CO2) (30, 34). The CO2 is then quantified
by a self-contained nondisperse infrared (NDIR) detector
(35). The oven is cooled prior to the second part of the
analysis, when the oven is purged with a mixture of 10%
oxygen in helium and the sample is again heated in steps
(30, 34). During this stage, all remaining carbon on the filter,
including elemental carbon, is oxidized, flows through the
MnO2 oven, and is detected by NDIR as CO2.

During the first part of analysis, a fraction of organic
compounds may pyrolyze and form EC (30, 34). This pyrolitic
conversion is monitored by continuous measurement of the
light absorbance of a red laser (wavelength of 660 nm) passed

through the filter. The light absorbance increases as some
OC is pyrolized to EC during the first analysis stage, and then
the absorbance declines as EC (from both pyrolized OC and
sampled particles) is oxidized and leaves the filter during the
second stage. The point at which the laser absorbance equals
the initial value is considered the split point between OC
and EC (14, 30, 36).

The instruments also provide an optical determination
of EC. The laser transmission is measured before and after
the analysis cycle, and the difference is related to EC
concentration via calibration. A predetermined calibration
factor, based on numerous ambient measurements, is used
to convert laser attenuation to EC mass on the filter (34).
This optical EC is subtracted from the thermally measured
total carbon (TC ) EC + OC) to determine a parameter known
as optical OC. All the EC and OC results presented in this
study are thermal OC and EC unless stated otherwise.

Some refractory inorganic particle components not
removed in the heating process will accumulate on the filters.
This is observed in the diminished initial laser transmittance
through the filter over several days of sampling. The effect
of using a week-old filter versus a fresh filter on the measured
OC and EC was examined in this study and shown to be
negligible. However, the filters were changed once a week as
recommended by the manufacturer. The instruments were
initially calibrated by injecting 1 cm3 of calibration gas into
the analyzers two times during the analysis period. The
stability of the analyzers was checked by the same method
later during the study period. Good internal instrumental
stability was observed, as was also shown in a previous study
(30).

Sampling Description. The instruments were operated
in a sampling trailer and sampled ambient air from a common
inlet located on the roof. Inside the trailer, the common intake
flow was split between the two instruments. Each instrument
was operated downstream of its own PM2.5 cyclone (provided
by the manufacturer) at a flow rate of 8 L/min. The analyzers
were run concurrently in coordinated hourly cycles, which
included a 45-min sampling period and a 15-min analysis
period. A previous study using the same monitors showed
good agreement between measurements made every other
hour and 24-h time-integrated off-line methods with R2 )
0.89 and a slope of 0.94 for OC (30). Thus, missing half of the
sampling time did not significantly bias 24-h results. By
extension, the 15 min of analysis during which sampling is
interrupted should not significantly bias what is subsequently
referred to as hourly readings.

The sampling location was on the University of Southern
California campus at the Southern California Supersite PIU
trailer. This site is located near downtown Los Angeles with
a major freeway located about 100 m upwind (33). The site
is surrounded by several multistory buildings and is near a
construction area. The air at this site represents a typical
urban mix of mobile, industrial, and construction sources
(33). An Aethalometer [Model AE-21 (UV + BC), Thermo
Andersen, Smyrna, GA] was deployed at the same location
and measured black carbon (BC) in 5-min averages.

The different sampling configurations used in this study
are presented in Figure 1. Two of these five configurations
(configuration A-E) were run concurrently during each of
the sampling periods. The OC and EC measured via these
configurations are referred to as OCA, OCB, ..., OCE and ECA,
ECB, ..., ECE based on the inlet configuration employed. All
configurations used the manufacturer supplied PM2.5 cyclone.

Precision Evaluation. The precision of the instruments
was tested via side-by-side operation, using only the cyclone
on the inlet (bare configuration, Figure 1a). Each instrument
collected 182 hourly samples in January 2005, and the OC
and EC measured with the two analyzers were compared.
Also, an evaluation of the optical EC and OC measurements
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were compared to their thermal counterparts using the
instruments in the bare configuration. The BC measurements
from the Aethalometer are often comparable to EC mea-
surements (28, 29, 36-38), and the hourly averages of BC
measured by Aethalometer were compared to the EC results
of the Sunset Laboratory monitors.

Denuder Breakthrough Determination. A carbon-paper
denuder (provided by the manufacturer) was used to remove
gas-phase OC that is known to cause positive adsorption
artifacts (39). The efficiency of a denuder can be less than
100%, allowing some organic gases to penetrate through the
denuder (breakthrough) (31). The denuder breakthrough was
measured by installing a 47-mm Teflon filter (PTFE, Gelman,
2-µm pore, Ann Arbor, MI) followed by the carbon-paper
denuder upstream of the samplers (Figure 1d). The Teflon
filter removes the particles and the denuder removes organic
vapors from the air stream (30, 31, 39). EC measurements
under this configuration (ECD) were practically zero, dem-
onstrating complete removal of particles by the Teflon filter.
Thus, the measured value of organic carbon (OCD) is due to
organic gases penetrating through the denuder and adsorbing
on the quartz filter. Since the measured OCD values were
fairly consistent (see Results and Discussion), the average of
the breakthrough level was subtracted from all subsequent
OC measurements using the denuder. This denuder break-
through value is specific to this type of denuder; different
breakthrough values are expected if other types of denuders
are used. The effect of the age of the carbon-paper strips in
the denuder on breakthrough was assessed by side-by-side
comparison of a denuder with fresh strips and one with
2-month-old strips. The results did not show a significant
change after denuder strips were changed. Denuder strips
were deployed a maximum of 3 months before replacement
with fresh strips.

Artifact Measurements. Two different methods were used
for examining the magnitude of positive and negative
sampling artifacts: a denuder method and a filter method.
For the denuder method, an instrument with the denuder
setup (configuration B, Figure 1b) was run side-by-side with
the other instrument in the bare configuration A (Figure 1a)
in January 2005. The denuder removes the organic vapors
that may cause a positive adsorption artifact (30, 31).
However, it may increase the magnitude of negative vola-
tilization artifacts, since lowered organic vapor pressures favor
volatilization of organic carbon from particles already
collected on the filter (40, 41). The measured organic carbon

with the denuder configuration (OCB), after correction for
breakthrough, would be equal to actual particulate OC
(OCactual) minus the negative artifact. The measured organic
carbon via the bare measurement (OCA) is OCactual plus the
positive artifact, since no significant negative artifact is
expected for the bare configuration during such short
sampling periods (31). Thus, the difference between OCA

and OCB is an estimate of the positive artifact plus the negative
artifact and is referred to as the total artifact determined via
the denuder method (OCartifact,denuder ) OCA - OCB).

In the filter method, a 47-mm Teflon filter was installed
downstream of the cyclone of one of the EC/OC analyzers
(configuration C, Figure 1c) and run side-by-side with the
other instrument in the bare configuration in December 2004.
The Teflon filter prevents particles from entering the instru-
ment so that the measured carbon content is entirely due to
adsorbed gas-phase organics (30, 31, 39). It is therefore a
direct measure of the positive artifact as determined with
the filter method (OCartifact,filter ) OCC) (30, 31). Near-zero ECC

levels confirmed the effectiveness of the filter. The measured
OCC was subtracted from the concurrent OCA, and the results
are taken as actual particulate OC (OCactual ) OCA - OCC).
Teflon filters were changed about once a week, even though
it was shown (see below) that the amount of loading on the
Teflon filter did not significantly affect the results. Additional
artifact measurements were made by sampling with con-
figurations B and C concurrently.

Analysis Protocol Comparison. Three different temper-
ature profiles, a modified-NIOSH protocol, a modified-
IMPROVE protocol, and a FAST-ramp protocol, were com-
pared. Temperature profiles and purge gases in each analysis
stage of these methods are presented in Table 1. The
modified-NIOSH method is adapted from the NIOSH tem-
perature profile (14, 42) and was used by Schauer et al. (26).
The modified-IMPROVE method is adapted from the IM-
PROVE protocol (16, 26). The methods differ only in the
temperatures used in the He atmosphere of the first analysis
part. The FAST-ramp method requires an analysis step of
only 4 min and takes advantage of the optical measurements
to enable this shorter analysis time. In this method, the
sample is heated quickly to 850 °C in a 10% oxygen in helium
atmosphere in only one step and TC is quantified from the
total NDIR response. EC is measured optically, on the basis
of initial and final laser transmittance, and is then used to
determine OC via subtraction from TC. The faster analysis
reduces the time when sampling is interrupted and also
increases the sensitivity dramatically, since all carbon evolves
in one narrow peak. Thus, it may allow for shorter, subhourly
sampling times.

For all the temperature profile comparisons, denuders
were used on both monitors (configuration B) since, as

FIGURE 1. Inlet configurations implemented for sampling: (A) bare,
(B) denuded, (C) filtered, (D) denuded/filtered, and (E) quasi-ultrafine.

TABLE 1. Temperature Profiles Used for EC/OC Analysis

temperature (°C)

gas hold time (s) modified-NIOSH modified-IMPROVE

He 10 no heating no heating
He 60 310 120
He 60 480 250
He 60 615 450
He 90 840 550
He 35 no heating no heating
He+Ox 35 550 550
He+Ox 105 850 850

gas hold time (s) FAST-ramp temp (°C)

He+Ox 10 no heating
He+Ox 210 850
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described later, this was shown to provide nearly artifact
free sampling. Except for these temperature protocol com-
parisons, all other samples in this study were analyzed using
the modified-NIOSH protocol. In both the modified-NIOSH
and modified-IMPROVE methods, the four temperature steps
in the He atmosphere allow for division of OC into different
NDIR response peaks representing different volatility frac-
tions of OC (43). These four OC peaks are designated and
recorded as peak 1 to peak 4 (OC1 to OC4). For the purposes
of this study, OC2, OC3, and OC4 were summed (OC2-4) and
considered a less volatile OC fraction compared to OC1, a
more volatile OC fraction.

Comparison of Quasi-Ultrafine Particles with Accumu-
lation Mode Particles. Two collocated instruments provided
the opportunity for simultaneous semicontinuous EC/OC
measurements of different PM size fractions. The PM0.25 stage
of a Sioutas impactor (SKC Inc., Eighty Four, PA) (44, 45) was
operated downstream of the PM2.5 cyclone of one of the
instruments to remove particles greater than 250 nm in
aerodynamic diameter (configuration E, Figure 1e). Con-
sidering that the upper size cuts that have been traditionally
used to define the ultrafine mode (100-180 nm) are
somewhat lower than the cutpoint of the Sioutas impactor
(46-48), particles less than 250 nm are designated quasi-
ultrafine (UF) for the purposes of this paper (OCE ) OCuf,
ECE ) ECuf). The measurements with the UF inlet config-
uration were subtracted from the concurrent PM2.5 mea-
surements (configuration B) to obtain accumulation mode
(0.25-2.5 µm) carbon values (OCacc ) OCB - OCE, ECacc )
ECB - ECE).

Results and Discussion
Precision Evaluation. The time series plots of OC and EC
measured concurrently by two collocated Sunset Laboratory
semicontinuous OC/EC field analyzers using the bare con-
figuration (A) are shown in Figure 2. Thermal OC measure-
ments between the two instruments were very highly
correlated with a correlation coefficient, R2, of 0.98, a slope
of 1.01 ( 0.02, and y-intercept of 0.12 ( 0.16 µg C/m3. The
R2, slope, and y-intercept of measured EC with the two
instruments were 0.97, 0.82 ( 0.02, and 0.2 ( 0.04 µg C/m3,
respectively. The results show excellent interinstrument

precision for OC, but a systematic bias in EC is reflected in
the slope of 0.82. The reason for this discrepancy might be
a result of a systematic difference in the split point deter-
mination between OC and EC, and as the EC values are a
much lower fraction of TC, EC is affected to a greater degree
than OC. The split point between OC and EC of the instrument
with overall higher EC measurements (instrument #2)
occurred on average 17 s before the split point of the other
instrument (instrument #1). Also, there were periods with
relatively low levels of EC during the comparison, which were
close to the detection limit of the instrument (0.2 µg C/m3

according to manufacturer), which may cause additional
uncertainty in the readings. At some of these low EC levels,
when the EC level was near the detection limit, the instrument
was unable to properly detect the split between EC and OC.
In these cases, the split point between OC and EC for at least
one of the monitors occurred at the end of the analyzing
period, which resulted in artificially lower EC measurements
(practically zero EC levels). Therefore, the EC measurements
for which the split point occurred at the end of analyzing
period were considered outliers and excluded from the
analysis. This occurrence was infrequent, resulting in exclu-
sion of less than 5% of data.

Total carbon measured by the two instruments correlated
well, with R2 and slope of 0.99 and 0.94 ( 0.02, respectively.
Slightly lower TC measurements occurred on the same
instrument with the overall higher split point. The lower TC
measurements in this unit combined with the effect of the
higher split point resulted in lower EC measurements. For
OC, these two effects approximately cancel each other out,
since lower EC now corresponds to higher OC.

The ability of the analyzers to measure EC (and by
subtraction OC) optically was also assessed by comparing
the thermal data of each instrument to its own optical data.
The R2 and slope of thermal versus optical OC correlation
were 0.98 and 1.04 ( 0.02 for one unit and 0.99 and 0.98 (
0.02 for the other unit. Comparisons of thermal and optical
EC yielded an R2 and slope of 0.97 and 0.77 ( 0.04 for one
unit and 0.97 and 0.98 ( 0.05 for the second instrument.
These results indicate very strong correlation between optical
and thermal measurements. However, in one of the instru-
ments, the optical EC values seem to be higher compared to
thermal EC, and because optical OC is determined by
subtraction, the optical OC values are lower than thermal
OC on the same instrument. As optical EC measured by the
two units correlated well with each other with a slope close
to 1 (R2 )1.00, slope ) 1.07 ( 0.03), the observed difference
in optical and thermal EC measurements in one of the units
is caused by the lower thermal EC measurements of this unit
mentioned above. The EC concentrations measured ther-
mally with each unit were also compared to BC measure-
ments done with the Aethalometer. The R2 and slope of
correlation between BC and EC were 0.96 and 1.39 ( 0.06,
respectively, for one unit and 0.95 and 1.17 ( 0.05 for the
other. This indicates a high correlation between EC and BC
measurements, which was also shown in several previous
studies (28, 29, 36-38), but systematically lower EC mea-
surements than BC.

Denuder Breakthrough. Denuder breakthrough was
assessed using configuration D (Figure 1d). The average OC,
EC, OC1, and OC2-4 measured with this configuration are
presented in Table 2. The fact that no EC was measured
implies the perfect removal of particles by the Teflon filter,
so the measured value of OC originated solely from organic
gases penetrating through the denuder and adsorbing to the
quartz filter (30, 31, 39). The average of the OC measurements
was 0.82 ( 0.31 µg C/m3 and the R2 between the bare OC
measurements and OCD was 0.01, with a slope of 0.01 ( 0.07,
which together indicate a fairly constant degree of break-
through adsorption, unrelated to ambient particulate OC

FIGURE 2. Test of instrumental precision results for (a) OC
measurements and (b) EC measurements.
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levels. The average denuder breakthrough of 0.82 µg C/m3

was therefore subtracted from all the OC measurements
obtained by using the denuder. The average denuder
breakthroughs for OC1 and OC2-4 were 0.43 ( 0.10 and
0.37 ( 0.17 µg C/m3, respectively. As was done for total OC,
the average OC1 breakthrough was subtracted from all the
OC1 measurements and the average OC2-4 breakthrough was
subtracted from OC2-4 measurements of samples collected
with a denuder upstream. The sum of OC1 and OC2-4

breakthrough is smaller than the average of total OC
breakthrough because of the small amount of pyrolyzed OC
included in total OC but not in OC peaks 1-4.

Sampling Artifacts. Using the filter method to determine
the OC sampling artifact as described above, the positive
artifact (OCC ) OCartifact,filter) ranged from 5.1 to 8.9 µg C/m3,
while the concurrent OCA from the bare configuration ranged
from 7.2 to 24.7 µg C/m3. The average ECC was less than 0.01
µg C/m3, which demonstrated the high efficiency of particle
removal by the Teflon filter. The results of actual particulate
OC (OCactual ) OCA - OCC) obtained by the Teflon filter
method and concurrent bare OC measurements (OCA) are
shown in Figure 3. A fairly high correlation with R2 of 0.89
was found between OCactual and OCA with a high nonzero
intercept. Since the bare OCA consists of both positive artifacts
and particulate OC, the high correlation and slope near unity
show that the variation of OCA is driven by variations in
particulate OC. An approximate estimate of the level of
positive artifact is indicated by the intercept at 6.4 µg C/m3.

Operating one instrument with a denuder configuration
(B) concurrently with the other instrument in the bare
configuration (A) provides another measure of the magnitude
of sampling artifacts. In this case, the artifact will include
potentially enhanced negative artifacts caused by the denuder
(31, 40, 41). If an initial assumption is made that the negative
artifact is negligible, then OCactual ) OCB, and the positive
artifact is then OCartifact,denuder ) OCA - OCB. As shown, the

filter method arrives at the same parameters (OCactual )
OCA - OCC, OCartifact,filter ) OCC), and the results from both
artifact determination methods are plotted in Figure 4. The
amount of positive artifact does not correlate well with the
actual particulate OC (R2 ) 0.26), and only a slight increase
in positive artifact was observed for increasing the actual OC
level (slope ) 0.22). The average of the positive artifacts
measured with both methods was 7.59 ( 1.52 µg C/m3, with
average OCartifact,denuder and OCartifact,filter of 8.14 ( 1.49 and
6.86 ( 1.21 µg C/m3, respectively. The average positive artifact
determined using the denuder method is about 1.3 µg C/m3

higher than the artifact using the filter method, but within
the standard deviation of the measurements. This difference
could be due to the negative artifact associated with the
denuder, which would lead to an overestimation of the
positive artifact by that method. However, it should also be
noted that the measurements using the two methods were
conducted over two different sampling periods, with higher
particulate OC levels during the denuder method sampling.
The average bare OC during the denuder method measure-
ments was 16.24 µg C/m3 compared to 11.14 µg C/m3 with
the filter method. Higher OC levels during the denuder
method sampling period could lead to slightly higher artifacts
due to possibly higher organic vapor concentrations on more
polluted days and/or possible matrix adsorption effects (43).

The observed differences between the two methods does
provide a rough upper estimate of the negative artifact of
approximately 1 µg C/m3, less than 20% of the positive artifact
on average. Other studies have demonstrated similar results
for negative artifacts on 24-h samples, e.g. less than 10% of
particulate OC by Subramanian et al. (31). However, higher
negative artifacts (up to 80% of particulate OC) were also
measured in other studies, which indicates a wide range of
negative artifacts based on site and sampling conditions (31,
49-52). Also shown in Figure 4 are results from measurements
with one of the instruments operating with a Teflon filter
(configuration C) concurrently with the other instrument
operating with a denuder (configuration B). The measured
OCC (OCartifact,filter) is plotted as function of the measured OCB

(OCactual). An average positive artifact of 6.33 ( 1.34 µg C/m3

was observed, which was consistent with our results using
the filter and denuder methods separately, as can be seen
in Figure 4.

The positive artifact was relatively high compared to actual
particulate OC, comprising approximately 50% of OCA on
average. This large value for positive artifacts is attributable
to the short 45-min sampling time. Organic gases will adsorb
on the filter until the filter is fully saturated (31). The longer
sampling continues after saturation occurs, the lower the
positive artifact will be relative to actual particulate OC. Thus,
a 24-h sample would have a lower artifact relative to actual

TABLE 2. Average Denuder Breakthrough Values, Which Were
Subtracted from All Denuded Samples (all values in µg C/m3)

parameter average standard deviation

OC 0.82 0.31
EC 0.00 0.00
OC1 0.43 0.10
OC2-4 0.37 0.17

FIGURE 3. The comparison between the bare OC (OCA) and the
particulate OC obtained from the Teflon filter method (OCactual)
concurrently.

FIGURE 4. Comparison between OCartifact and OCactual determined by
the Teflon filter method (configuration A vs C), denuder method
(configuration A vs B), and concurrent usage of Teflon filter and
denuder (configuration C vs B).
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particulate OC than a 45-min sample, assuming filter
saturation is reached within 24 h. The high percentage of
artifact observed here indicates that the bare configuration
of these instruments cannot directly measure actual par-
ticulate OC reliably.

If the sampling time is long enough for the quartz filter
to saturate with adsorbed organic vapors, then the artifact
mass will remain constant (31). For a short sampling time
of 45 min, it is assumed that gas-phase organic concentrations
do not vary sufficiently to cause additional adsorption or
volatilization of organic material due to the changing vapor
pressures of these gases. As stated above, the average 7.59
µg C/m3 positive artifact was measured for a 45-min sampling
period. This corresponds to an adsorption artifact on the
filter of 0.68 µg C/cm2 (two back-to-back 16-mm filters, 8
L/min, and a 45-min sample). In a previous study in the Los
Angeles basin, the average measured positive artifact was
1.3 µg/m3 for 24-h sampling on 37-mm quartz filters with 30
L/min flow rate (33). This corresponds to 5.22 µg C/cm2,
which is about 7.7 times the artifact value determined in this
study. In another study in the same basin, an average positive
artifact of 2.17 µg C/m3 was obtained (53), this time based
on a flow rate of 20 L/min, 24-h sampling, and using 47-mm
filters. This value corresponds to 3.6 µg C/cm2 of positive OC
artifact, which is about 5.3 times the artifacts measured here.
Comparison of our results with both of these studies indicates
that the saturation condition was probably not achieved in
45 min of sampling.

To verify whether saturation was achieved, the samples
were collected for 165 min of sampling period and analyzed
in 15 min (total cycle of 3 h) using configurations B and C
concurrently. The average positive artifacts of 54 samples
collected in May 2005 was 4.51 ( 0.94 µg C/m3, corresponding
to a 1.62 µg C/cm2 of positive OC artifact, which is 2.4 times
higher than the artifacts measured for a sampling period of
45 min. This result further indicates that the filters were not
saturated within 45 min. While the sampling period was
increased about 3.7 times, the artifacts were enhanced only
2.4 times, suggesting that the adsorption rate of gas-phase
organics slows as sampling continues. In a previous study
in Pittsburgh (31), an average positive artifact of 0.53 and
0.71 µg C/m3 was found respectively for 24 h and 4-6 h of
sampling with 47-mm quartz filters and a 16.7 L/min flow
rate, corresponding to filter artifacts of 0.75 and 0.21 µg C/cm2,
respectively. In that study, filter saturation was not achieved
after 6 h of sampling. As in our case, the artifact concentration
on the filter increased with increasing sampling time, but
the adsorption rate slows down as it approaches saturation
conditions. Differences in the magnitude of the positive
artifacts and adsorption rates at different locations indicate
that the amount of OC artifact can vary significantly with
sampling conditions. This is probably due to differences in
concentrations of gas-phase organics at different sites and
seasons.

An overcorrection of positive artifacts using the filter
method was predicted in previous studies (31, 54) due to
organic particulate matter collected on the Teflon filter
volatilizing and then adsorbing to the quartz filter down-
stream. This effect was examined by operating two instru-
ments side-by-side using configuration C, initially both
having new Teflon filters. After about 60 h, sufficient time for
Teflon filters to be heavily loaded with particulate matter,
the Teflon filter on one of the instruments was changed while
the other one remained unchanged, then 20 samples were
collected on each instrument. The average difference between
the OC measured by the two instruments before the filter
change was low (0.55 ( 0.52 µg C/m3) and nearly identical
to the difference after the filter change (0.58 ( 0.57 µg C/m3).
The similarity indicates that this effect may not be important
for the current study, and that an overestimation of positive

artifacts by using a loaded Teflon filter upstream has not
occurred.

The relationship between particulate OC obtained by the
Teflon method and bare OCA (shown in Figure 3) may provide
a correction to estimate actual particulate OC in cases when
the denuder is not deployed. The validity of this correction
is demonstrated in Figure 5, where particulate OC, calculated
from OCA and the linear relationship in Figure 3, is compared
to particulate OC measured concurrently with a denuder
(OCB, ignoring the negligible negative artifact). The time series
(Figure 5a) confirms the good agreement. Figure 5b compares
the calculated and measured OC in a scatter plot, showing
a high correlation with a slope of 0.98 ( 0.08. This good
agreement shows that it may be possible to obtain good
particulate OC results in a bare configuration, using a
previously derived correction. The derived linear relationship
between the particulate OC and the bare OC may be specific
to particular sampling site, instrument configuration, and/
or sampling duration. The excellent agreement in Figure 5b
also shows that the negative artifact caused by using a
denuder is minor and does not significantly effect the
particulate OC measurements. Therefore, the denuder con-
figuration provides the best measure of actual particulate
OC without significant associated artifacts.

Temperature Profiles. Table 3 shows the statistical
comparison of measurements made with the modified-
IMPROVE and the FAST-ramp methods run concurrently
with the modified-NIOSH method. The OC analyzed by the
modified-IMPROVE protocol showed a good agreement with
the OC measured by using the modified-NIOSH protocol
with an R2 of 0.93 and slope of 1.04, consistent with a previous
study by Chow et al. (23). The main difference between
methods is the maximum temperature reached in the first
analysis stage: 550 °C for the modified-IMPROVE and 850
°C in the modified-NIOSH method. This shows that a
temperature of 550 °C is enough to evolve almost all of the
OC. The EC temperature steps in both methods are the same,
so any observed difference is the result of a difference between
the split points affected by potentially more pyrolysis of OC
at the higher temperatures of the modified-NIOSH method.
Considering the R2 of 0.92 and slope of 1.05 for EC
measurements, and similar results for OC and TC, the two
methods compare very well under the conditions of our
experiments.

The OC measured using the FAST-ramp temperature
program (TC - optical EC) also correlated well with concur-
rent thermal OC measurements by the modified-NIOSH
method with a correlation coefficient of 0.92. The slope of
0.90 (0.87, 0.94) indicates slightly lower OC measurements
compared to the modified-NIOSH method. The EC mea-
surements in contrast were higher than those of the modified-
NIOSH method with a slope of 1.38 but a high correlation
coefficient of 0.98. TC measurements were also fairly
consistent, with an R2 of 0.98 and slope of 1.08. The FAST-
ramp relies on the optical EC measurement to determine
both EC and OC levels. The optical EC measurement is based
on a manufacturer calibration, derived from relating differ-
ences in laser transmission to thermally measured EC levels
over many samples using the modified-NIOSH profile.
Comparing the optical EC measurements via the FAST
method with optical EC measurements via NIOSH method,
an R2 of 1.00 and slope of 0.99 (0.99, 1.00) were obtained.
This excellent correlation is a result of using the same
procedure for determining optical EC in both instruments
in either of the methods. The systematic bias between optical
and thermal EC measurements of about 30% in one of the
units (used for the modified-NIOSH method in this com-
parison) observed earlier during the instrumental precision
tests can explain most of the difference between EC by the
FAST-ramp and thermal EC by modified-NIOSH. The OC
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measurements by the FAST method are also highly correlated
with optical OC via the NIOSH method with an R2 and slope
of 0.91 and 1.13 respectively, which are close to the correlation
between TC measurements of these two methods (R2 ) 0.98
and slope )1.08). This indicates that the difference between
these two optical OC values mainly originates from the
difference between TC measurements, since optical EC values
were shown to be similar. The high correlation between EC
measured with the NIOSH and FAST protocols suggests that
a new calibration would bring the results into better
agreement. Given these encouraging results, the shorter
analysis time in the FAST-ramp method will potentially allow
for nearly continuous sampling or shorter sampling periods.

Size-Fractionated Measurements. The instrument with
a quasi-ultrafine inlet and denuder configuration (config-
uration E) was run concurrently with the other instrument
in a PM2.5 denuder configuration (configuration B), and 387
hourly samples were collected in March and May of 2005.

The hourly OC measured in the quasi-ultrafine (UF) mode
ranged from 0.03 to 5.80 µg C/m3 with average of 1.59 µg
C/m3. Similar results were found in the accumulation mode,
with OC ranging from 0.07 to 8.49 µg C/m3 with an average
of 1.37 µg C/m3. The hourly EC in the quasi-ultrafine mode
varied from 0.32 to 5.20 µg C/m3 with an average of 1.16 µg
C/m3. EC in the accumulation mode was significantly less,
varying from 0.0 to 2.78 µg C/m3 with an average of 0.49 µg
C/m3. The average diurnal variations of particulate OC and
EC in the both size ranges are presented in Figure 6. The
diurnal variations of particulate EC as well as OC in these
two size fractions generally track each other well. The
significant morning peak indicates the effect of morning rush
hour. The UF concentrations of OC reached the maximum
about 1 h earlier than the accumulation mode concentrations.
A possible explanation is that UF particles are freshly emitted
particles, originating directly from nearby emissions of mobile
sources and thus have diurnal patterns that follow traffic

FIGURE 5. Calculated OCactual from bare configuration measurements (applying the relationship found with the Teflon filter method)
compared to OCactual measured with a denuder: (a) time series data including the uncorrected bare OC (OCA) and (b) correlation plot.

TABLE 3. Comparison between Measured Carbonaceous Components of PM2.5 by Different Methods (units in µg C/m3)

protocol no. of samples compared parameter R2 slope (95% intervals) intercept (95% intervals)

modified-IMPROVE 114 OC 0.93 1.04 (0.99, 1.10) 0.09 (-0.11, 0.30)
vs modified-NIOSH EC 0.92 1.05 (1.11, 1.00) 0.24 (0.17, 0.31)

TC 0.95 1.08 (1.04, 1.13) 0.13 (-0.10, 0.35)
FAST-ramp vs 236 OC 0.92 0.90 (0.87, 0.94) 0.05 (-0.2, 0.09)
modified-NIOSH EC 0.98 1.38 (1.35, 1.4) -0.14 (-0.17, -0.11)

optical OC 0.91 1.13 (1.08, 1.18) -0.59 (-0.42, -0.77)
optical EC 1.00 0.99 (0.99, 1.00) -0.08 (-0.09, -0.07)
TC 0.98 1.08 (1.05, 1.10) -0.59 (-0.71, -0.47)
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volume. By contrast, accumulation-mode PM, which may
have been emitted earlier as smaller particles in locations
upwind of our sampling site, may be reaching the site after
aging in the atmosphere, a process that allows for conden-
sation of organic vapors onto preexisting particles and thus
an increase in particle size.

The OC1 concentration (more volatile OC) in the UF mode
varied between 0.01 and 3.26 µg C/m3 with an average of
0.67 µg C/m3, while OC1 in the accumulation mode was
higher, ranging from 0.07 to 4.78 µg C/m3 with an average
of 0.96 µg C/m3. The OC2-4 (less volatile OC) in the UF mode
ranged from 0.02 to 2.54 µg C/m3 with an average of 0.93 µg
C/m3, with lower values in the accumulation mode between
0.0 and 3.68 µg C/m3 with the average of 0.41 µg C/m3. The
average ratios of OC1 and OC2-4 to total particulate OC in the
UF and accumulation modes are presented in Figure 7. The
average EC/OC ratios of particles in the UF and accumulation
mode are also displayed in the same figure. The considerably
higher EC to OC ratio in the UF mode is due to the different
sources and formation process of the two particle size ranges.
EC from mobile sources (in the form of soot) is emitted
primarily in smaller particles (55, 56). While OC is also emitted
in smaller particles from mobile sources, a portion of
accumulation-mode OC is formed by the condensation of
organic gases that were either directly emitted from mobile
sources or formed by photochemical secondary reactions
(56). The higher OC1/OC and lower OC2-4/OC in the
accumulation mode compared to the UF mode indicates
higher OC volatility in the accumulation mode. This is
consistent with OC condensation in this mode, since both
photochemical products and condensable vapors from
vehicles are often semivolatile species that will partition to
pre-existing particle surface area (56).
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